. It is only a defined subset of disc cells, however, When Drosophila imaginal discs regenerate, specific that are capable of changing selector gene expression, groups of cells can switch disc identity so that, for making the imaginal disc a good model system to inexample, cells determined for leg identity switch to vestigate the control of developmental plasticity.
We induced regeneration in both GFP (ubiquitin [Ub]-GFP) and non-GFP discs (wild-type). After two days, the regenerating discs were bisected to separate the blastemas from the nonblastemas. The material was then pooled into two reciprocal experiments, so that each experiment compared one population (e.g., blastema) that expressed GFP to the other (e.g., nonblastema) that did not express GFP. Number in (B) above the cell size plot represents the cell size ratio of blastema to nonblastema. Scale bar = 50 µm. (C) The cell cycle profile of blastemas generated from fragmented older leg discs (0 hr APF) (dark blue) was compared with control leg discs from 0 hr APF larvae (yellow). (D) The cell cycle profile of blastemas generated from fragmented younger leg discs (84 hr AED) (dark blue) was compared with control leg discs from 84 hr AED larvae (purple). Note that blastemas formed from younger and older discs have the same profile. In ( it is estimated that about three to five founder cells Today, we have experimental tools to revisit TD and form the blastema and the regenerated structure (Gehranswer fundamental questions about how cells switch ing, 1967; Girton and Russell, 1980). Do blastema cells fates. We monitor TD by genetically marking TD cells become younger? Because cell cycle profiles and douwith a GFP reporter. With this technique, we can define bling times change over development, we can compare exactly when and where determined leg cells switch to these parameters in the regeneration blastema with wing determination and follow them all the way through control discs of different larval ages, and determine if differentiation. In imaginal discs, the cell cycle profile, blastema cells indeed "rejuvenate." size, and doubling time are well characterized, and we We used a fluorescence activated cell sorter (FACS) can establish a cell's age with an accuracy of about 8 hr to measure the proportion of cells in G1, S phase, and (Graves and Schubiger, 1982; Neufeld et al., 1998). We G2 and characterized the age of disc cells. With this have taken advantage of these metrics to test whether technique, we confirmed that control leg disc cells exit an increased developmental potential requires a reca-S phase and accumulate in G2 as the larva approaches pitulation of a "young" cellular state by analyzing the metamorphosis ( Figure 1A (B and E) Two days after regeneration was induced, leg discs expressed the vg BE GFP reporter specifically in the weak point. After fragmentation, vg BE GFP expression was observed in the weak point in 100% (n = 30) of leg discs. After ubiquitous wg overexpression, vg BE GFP expression was observed in 82% (n = 63) of leg discs. Scale bar = 50 µm. (C and F) Leg cuticle differentiated from discs that expressed the vg BE GFP reporter showed loss of dorsal leg structures (e.g., joint to the prothorax) and gain of TD wing structures (e.g., yellow club [YC], wing hinge). We observed ventral wing structures at dorsal leg positions of the cuticle in 69% of cases of discs after fragmentation (n = 16) or in 92% of cases after ectopic wg (n = 24). Scale bar = 100 µm.
vivo. When a leg disc was cut into a 3/4 lateral piece We induced regeneration in leg discs of larvae at 84 hr after egg deposition (AED; "young" discs) and at 0 hr (3/4L), only cells near the horizontal cut proliferated to form the regeneration blastema ( Figure 1B ). Other cells, APF ("old" discs) by surgically cutting the discs and cultured the fragments for either 2, 3, or 6 days. After including the entire posterior compartment, did not regenerate and thus were considered to be nonblastema. the culture period, we separated the blastema from the nonblastema cells. Blastema cells all exhibited the After culturing the fragments, we separated the nonblastema from the blastema and compared their cell same cell cycle profile, independent of the developmental age when the disc was cut. The cell cycle profile cycles and sizes by FACS. In nonblastema cells, the proportion of cells in S phase was low ( Figure 1B) . Nonwas also independent of the length of time in culture. Blastemas from old discs did not maintain the distincblastema cells did not arrest in G2, however, as seen in normal development. Instead, our observations inditive high G2 value ( Figure 1C ), and likewise, blastemas from young discs did not maintain the low G2 value cated that the cell cycle arrested in both G1 and G2. Blastema cells, on the other hand, maintained a cell ( Figure 1D ). We conclude that no matter when during development regeneration is induced, blastema cells cycle profile that was similar to that of control leg discs at −5 hr APF. In addition, blastema cells were signifiproliferate with a common cell cycle, and the increase in developmental potential is achieved without revertcantly larger than nonblastema cells ( Figure 1B) . Doubling time analysis of GFP-marked cell clones indicated ing to a "younger" cell cycle. that cells in the regeneration blastema never reverted to a fast 6 hr doubling time (140 clones analyzed in 12 TD Is a Predictable and Frequent Event Clonal analysis has shown that when a disc is fragblastemas; doubling times range from 10.7 hr to 36 hr). These results demonstrate that blastema cells, in terms mented, blastema cells first regenerate missing structures, and only then can some regenerating cells proceed of their cell cycle profile, do not become younger, but rather maintain the age corresponding to the time of to transdetermine; therefore, the increase in developmental potential of blastema cells is a sequential process fragmentation.
It was possible to test this "status quo" hypothesis (Gehring, 1967; Wildermuth, 1968) . Though TD occurs in all imaginal discs, in this study of blastema cells, since we know that the cell cycle program changes predictably over larval development we focus specifically on leg to wing TD for several reasons. First, detailed fate maps have been generated and regeneration can be induced anytime during embryonic, larval, or prepupal stages .
for both leg and wing discs. These fate maps allow us to define the precise disc cells that transdetermine occurred with a high frequency and always at dorsal sites of the leg disc, we defined the sequence of events from leg to wing (Schubiger, 1971; Bryant, 1975) ; proxiusing the vg BE GFP reporter and monitored the cell cymal-dorsal leg cells transdetermine into pleura, a cle over a three day time period. We dissected leg discs ventral wing structure. Second, leg to wing TD is well immediately after the induction of wg and 1 day, 1.5 characterized at the molecular level. Misexpression of days, 2 days, and 3 days later ( Figures 3A-3E ). wingless (wg) induces a specific subset of TD events During normal leg disc development, cells divide that are observed in fragmentation experiments (Maves asynchronously throughout the disc (Kiehle and Schuband Schubiger, 1995; Johnston and Schubiger, 1996) . iger, 1985). After wg was ubiquitously overexpressed, For example, in ventral discs of the larva, such as leg, we observed that this pattern of cell division continued ectopic wg activates the wing selector gene vg via a for 1 day ( Figures 3A and 3B) . However, 1.5 to 2 days defined regulatory element, the vg boundary enhancer later, proliferation was maintained only in dorsal regions (vg BE ), in a small group of cells in the dorsal leg disc of the leg disc ( Figures 3C and 3D ). Strikingly, we obthat have high levels of endogenous decapentaplegic served some discs in which S phases were localized (dpp) expression (Maves and Schubiger, 1998). Thereexclusively to cells in a small area, the weak point. This fore, upon ubiquitous wg expression, vg BE is activated was observed in leg discs before the vg BE GFP reporter only in dpp-expressing cells, in the dorsal-proximal aswas expressed ( Figure 3C ). pect of the leg disc (the weak point). 3G ). either by fragmenting leg discs (Figure 2A) or by ubiquiTo determine if cell cycle profiles correlated with the tously overexpressing wg in early third instar larvae initial phase of TD, we performed FACS analysis to ( Figure 2D) . In both experiments, we saw that the vg BE compare the profiles of TD and non-TD cells at two GFP reporter was activated in leg discs, in the weak times: 2 days and 3 days after wg induction. After 2 point, with high frequencies (Figures 2B and 2E ). To verdays, TD cells had many more in S phase and fewer in ify that the GFP expression reflected real TD, we trans-G1 compared to non-TD cells. TD cells were also larger planted samples of vg BE GFP-expressing leg discs into than non-TD cells ( Figure 3H ). After 3 days, however, host larvae to allow the discs to differentiate adult no cell cycle differences between TD and non-TD cells structures ( Figures 2C and 2F ). Selecting leg discs that were observed, and the change in cell size was reexpressed vg BE GFP increased the frequencies of cutiversed ( Figure 3I ). Thus, in the early phase, when the cle TD compared to frequencies we reported previously frequency of TD was still increasing, we observed that (Schubiger, 1971; Maves and Schubiger, 1998) . How-TD cells had a cell cycle profile that was never obever, the frequency of TD in the adult cuticle was still served in normal development. Later, when the frelower than the frequency of vg BE GFP observed in leg quency of TD plateaued, the TD cells lost their unique discs, possibly because wing-specific cuticular struccell cycle profile, again indicating a transient shift in cell tures were more difficult to find than GFP. Nevertheless, cycle and size in TD cells. the vg BE GFP reporter reliably reported changes of seIt is interesting to note that wg overexpression did lector gene expression in leg disc cells that transdenot induce a cell cycle or size change in the cells that termined to wing and terminally differentiated wing express vg in the wing discs (data not shown). Thus, structures. We conclude that whether TD is induced the transient cell cycle was only observed in leg discs physically or genetically, it is a predictable event with that transdetermined and was not simply a result of wg respect to site and frequency.
overexpression. This indicates that TD has two distinct phases: initiation and maintenance. During the initial Cell Cycle Changes Precede TD phase, we observed the activation of vg BE GFP and a wg overexpression induces outgrowth of cells that distinct cell cycle and cell size profile in the weak point transdetermine (Johnston and Schubiger, 1996) . Does ( Figure 3C ). Later, the TD cells continued to divide, exwg signaling first affect cell cycle or cell fate, and is panding the GFP area and propagating the TD wing state with a cell cycle and size profile that was not difone dependent on the other? Because leg to wing TD the dorsal half only. Class c (pink) = mitosis in dorsal and anterior halves only. We have one fewer class for mitoses than for S phase localization patterns because we never observed mitoses restricted specifically to the weak point. Histological analysis captures a frame in time, and since S phase lasts several hours while mitosis lasts only minutes, it is more likely that we would catch a To exclude an artifact of wg overexpression, we perthe nonblastema cell cycle that we observed during the regeneration experiment ( Figure 1B) . We also observed formed FACS on leg discs in which TD was induced by fragmentation. After a short culture period (2 days), TD that within these discs, TD cells were largest, followed by R cells and then NR cells ( Figure 4F) . 
This indicates that these cells do not discs allow us to test the differentiation of cells that revert to the 6 hr cell cycle characteristic of younger switch determination. Previously our lab has shown disc cells. The NR region contained many one or two that leg discs that ubiquitously overexpress wg not only celled clones, indicating, together with FACS analysis, transdetermine to wing, but also duplicate leg structhat cell division in this region arrests in G1 and G2 tures, forming a new posterior compartment. For sim-(Figure 4E). plicity, we call leg duplication a form of regeneration
It is possible that we overestimated the cell doubling (Johnston and Schubiger, 1996). We reported here that times because of cell death. We ectopically coexwhen discs transdetermine, cells proliferated throughpressed wg and p35 to induce overgrowth while blockout the entire dorsal half of the disc, both inside and ing cell death and observed that the doubling times outside of the vg BE GFP expression domain (Figures 3D were not significantly altered compared to overexpresand 3E). Based on this reproducible vg BE GFP expression of wg alone (n = 96 clones in 10 discs). Therefore, sion and cell proliferation pattern, we predicted that we even when cell death is blocked, transdetermining cells could use dorsal-ventral disc morphology to distindo not revert to a 6 hr doubling time. guish the three disc regions that vary in their degree of
Combining the observations made with FACS and developmental potency: TD cells (multipotent), R (reclonal analysis, we conclude that the blastema cell cygenerating) cells, and NR (nonregenerating) cells (unicle (both TD and R cells) is most similar to a cell cycle potent).
found in the late third instar, that is, not very young and To assess the fates and therefore define the denot old. TD cells differ in that they are transiently bigger velopmental potency of these three regions after wg and spend more time in S phase. overexpression, we dissected leg discs, separated them along the dorsal-ventral axis, and transplanted the fragments into larval hosts to allow the cells to terminally Cell Cycle and Growth Changes Can Induce Fate Alterations differentiate. In all cases, the dorsal fragments included a region of vg BE GFP and a region of non-GFP cells We reported here that ectopic wg expression alters the cell cycle in the weak point before TD occurs. To test ( Figure 4A ). These fragments terminally differentiated into ventral wing structures ( Figure 4B ) and into regenwhether cell cycle or cell growth progression is necessary for TD, we cultured leg disc fragments in aminoerated structures of the leg ( Figure 4C ). In contrast, all ventral halves of the discs terminally differentiated only acid-starved hosts, a condition that suppressed imaginal disc cell-growth but still allowed for cell division structures of the ventral leg fate map ( Figure 4D ). These results document that three regions have distinct de-(Britton and Edgar, 1998). These disc fragments did not regenerate or transdetermine. Refeeding the hosts, afvelopmental potentials.
With this information, it would be interesting to know ter starvation, again induced both regeneration and TD, indicating that the cells were not damaged or killed if developmental potential correlates with a difference in cell cycle dynamics. We separated the fragments, as (Schubiger, 1973) . Thus, it seems that cell growth is necessary for cell fate changes. above, and performed FACS analysis to directly compare the cell cycles of the three regions. As we saw in We then tested whether promoting cell cycle or cell growth is sufficient to induce TD. While the downstream previous experiments, TD cells had a low percentage of cells in G1 and a very high percentage in S phase cell cycle and cell-growth target genes of wg are not known, we took an opportunistic approach and at-( Figure 4E ). The region comprised of R cells had a cell cycle like that of a leg disc from a late-wandering-stage tempted to mimic the mitogenic effects of wg in the weak the site of disc outgrowth. We observed ectopic bristles and an increase of sensory organs in the most First we overexpressed either E2F or cyclin E (CycE) in the weak point to promote the cell cycle transition from proximal part of the leg coxa ( Figures 5A-5C ), in the arista of the antenna (Figures 5D-5F ), in the haltere G1 into S phase (Neufeld et al., 1998) . However, increasing the proportion of cells in S phase did not in-( Figures 5G-5I) , and in the genitalia (Figures 5J-5L ). In the antenna and the haltere, such fate changes have duce fate changes. We made disc cells larger by overexpressing the Retinoblastoma family homolog RBF been compared to transformations that occur in mutations of homeotic genes. and also observed no fate changes. In order to promote both progression in S phase and larger cells and thus Can we use these observations to suggest a role for InR/Ras in the wg pathway? While we were intrigued most closely mimic the complete mitogenic effect of wg we overexpressed dMyc and genes of the insulin that InR and Ras overexpression induced clear overgrowth and fate alterations in the weak points, as would pathway (Edgar and Nijhout, 2004). The insulin pathway is believed to activate two branches: the PI3K/PKB and be expected after wg overexpression, we did not score the fate changes as TD for the following reasons. First, the Ras/MAPK pathways (Oldham et al., 2002) .
We observed that only the overexpression of insulin we did not observe that overexpression of InR or Ras induced ectopic vg expression in leg or eye-antennal receptor (InR) or Ras phenocopied aspects of wg overexpression: outgrowth specifically in the weak point of discs. Second, upon terminal differentiation, we did not observe any unambiguous TD wing structures. We discs (in the proximal-dorsal leg disc, for example), delayed larval development and lethality of differentiated scored TD only when the surrounding hair patterns and cuticular markers (bristle type, hinge, claw, etc.) idenadults in pupal cases. Moreover, overexpression of InR or Ras induced identical and specific fate alterations at tified a specific different body part. For example, over-
Figure 5. Overexpression of InR (+InR) or Ras (+Ras) Induces Ectopic and Extra Bristles
InR or Ras were ectopically expressed using a dpp-Gal4 driver, and compared to controls (A, D, G, and J), InR and Ras generated similar, if not identical, phenotypes. In the coxa of the leg (A-C), overall morphology was not different from wild-type except in the dorsal proximal part, where ectopic bristles (eBr) and an excess of sensilla trichodea (St8) were formed. In the antenna (D-F), we observed ectopic bristles in the arista (Ar) and in the third antennal segment (AIII). Some of the bristles were bracted (brBr), a bristle type that is typical for distal leg or proximal wing (costa), but never found in the wild-type antenna (Gehring et al., 1968; del Alamo et al., 2002). In the haltere (G-I), we found ectopic adventiv bristles (eBr) in the capitellum (c) and occasionally in the pedicellum (p). This bristle type was similar to bristles of the first abdominal segment, but the surrounding hair pattern was not changed. Therefore, adventiv bristles were never interpreted as TD (Loosli, 1959; Gehring et al., 1968) . In the female genitalia (J-L), we observed ectopic thorn bristles (magnified in the inset) in the cuticle near the anal plate (Apl). These leg, antenna, haltere, and genitalia phenotypes were observed in more than 60% of the animals (n R 10 for each genotype). We observed comparable phenotypes when using C765-Gal4, a driver that is expressed throughout imaginal discs. Scale bar = 100 m.
expression of Ras or InR produced bracted bristles that togenic signal precedes the morphogenic function, possibly because cell growth and proliferation primes are not formed in the wild-type antenna; however, though bracted bristles in the antenna are identical to the cells to undergo fate changes. those that are induced by wg overexpression (G.S., unpublished data) the bracted bristles were not counted Discussion as TD because the surrounding pattern was neither distal leg nor wing margin, the only two regions where During development, cells respond to signals that commit them to a developmental pathway. There is a time bracted bristles are normally formed on the fly (Gehring et al., 1968 Our results show that TD correlates with longer S The observation of a weak point is not unique to our phase duration, which is in sharp contrast to control system; others, working with other systems, have obleg discs, in which the cells in the weak point spend served that patterning genes affect cell fate in a contextless time in S phase compared to the rest of the disc. Broader Perspective
